This study explored the origin of age-related granules in the apolipoprotein E gene knockout (ApoE −/− ) B6 background mice brains following chronic gingival infection with Porphyromonas gingivalis for 24 weeks. Intracerebral localization of P. gingivalis was detected by fluorescence in situ hybridization (FISH) and its protease by immunohistochemistry. The age-related granules were observed by periodic acid-Schiff (PAS), silver impregnation, and immunostaining. FISH showed intracerebral dissemination of P. gingivalis cells (p = 0.001). PAS and silver impregnation demonstrated the presence of larger inclusions restricted to the CA1, CA2, and dentate gyrus sectors of the hippocampus. A specific monoclonal antibody to bacterial peptidoglycan detected clusters of granules with variable sizes in mice brains infected with P. gingivalis (p = 0.004), and also highlighted areas of diffuse punctate staining equating to physical tissue damage. Mouse immunoglobulin G was observed in the capillaries of the cerebral parenchyma of all P. gingivalisinfected brains (p = 0.001), and on pyramidal neurons in some severely affected mice, compared with the sham-infected mice. Gingipains was also observed in microvessels of the hippocampus in the infected mice. This study supports the possibility of early appearance of age-related granules in ApoE −/− mice following inflammation-mediated tissue injury, accompanied by loss of cerebral blood-brain barrier integrity.
The origins of murine age-related granules, first observed in the brains of senescence-accelerated mouse (SAM) models [1] , continue to intrigue scientists. These inclusions appear around 7-8 months of age in SAM mice and have an intimate association with astrocytes [2] . The age-related granules stain positively with periodic acid-Schiff (PAS) and display argyrophilia following silver impregnation. Their location is largely restricted to the stratum radiatum of the hippocampus [1, 2] . It was initially thought that the high inbreeding of SAM mice may have conferred an inheritable genetic susceptibility locus in these mice that enabled the emergence of age-related granules, as they were absent in mice without the B6 genetic background [2] . Further reports of the same inclusions being observed in the brains of SAMP8 (B6) mice strengthened this genetic inheritance theory [2, 3] , but conclusive evidence is still lacking.
Greater densities of these inclusions are seen in regions of the brain that bear a higher burden of neuropathological hallmarks (amyloid-beta Aβ, and tau tangles) of Alzheimer's disease (AD), suggesting a potential role of these granules in learning or memory deficits [4, 5] . Many antigenic protein components are reportedly involved in the etiology of age-related granules. Among them, heparan sulfate proteoglycan (HSPG) is considered to be significant [3] , as HSPG is seen as a plausible substrate onto which extracellular Aβ plaques may become deposited in the suitable host [6] [7] [8] [9] .
Numerous studies have highlighted a commonality between the aging human brain and apolipoprotein E gene knockout (ApoE −/− ) mice in that they both demonstrate ongoing damage to the bloodbrain barrier (BBB) [10] [11] [12] albeit in different anatomical areas. How cerebral BBB damage initiates in humans is poorly understood, but in ApoE −/− mice brains, compromised BBB integrity appears to be secondary to experimentally induced intracerebral tissue injury [13] . ApoE −/− mice also demonstrate altered innate immune responses, especially after bacterial infections and in response to the lipopolysaccharide (LPS) endotoxin [14, 15] . During bacterial infections, these mice activate acute phase innate immune responses in which the immediate immunologic response (acute phase) is elicited by tissue injury from free radicals, which are released by macrophages and ongoing non-specific microbe killing, as well as via the activated complement cascade [16] .
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A plausible association between periodontal disease and AD was previously demonstrated by detecting LPS from the oral bacterium Porphyromonas gingivalis in 4/10 AD brain specimens [17] . Subsequently, the intravascular dissemination of P. gingivalis from the same gingival tissue into the brain tissue of ApoE −/− mice was demonstrated [16, 18] . Furthermore, in the same study, it was demonstrated that the hippocampal CA neurons were opsonized with complement activation fragments iC3b/C3b/C3d as a consequence of local P. gingivalis entry [16] . It was concluded that the innate immune activation serves as a critical risk factor for the development of AD inflammatory pathology, with secondary tissue damage in the ApoE −/− phenotype following periodontal bacterial infection. A reduction in the number of age-related granules following antioxidant therapy in ApoE −/− mice was reported [19] , potentiating the impact of inflammation to inflict injury on the cerebral parenchyma. The antioxidant therapy data [19] and the common feature of a defective BBB in humans and ApoE −/− mice [10, 11, 13] together served as the rationale behind the initiation of this study to explore the role of periodontal infection in augmenting earlier occurrence of age-related granules. This study tested the hypothesis of whether chronic periodontal infection accelerated the appearance of age-related granules in ApoE −/− mice brains.
Materials and methods

In vivo infection mouse model
Male ApoE −/− mice (strain B6.129P2-Apoe tm1Unc/J ) were obtained from Jackson Laboratories (Bar Harbor, MA). At 10 weeks of age, the mice were randomly assigned to sham-infected or infected groups via the oral route with P. gingivalis FDC 381 (5 × 10 9 bacteria per mL), as described previously [18] . The University of Florida Animal Care Services has an assurance with the Office of Laboratory Animal Welfare (OLAW) and follows US Public Health Services (PHS) policy, the Animal Welfare Act and Animal Welfare Regulations, and the Guide for the Care and Use of Laboratory Animals. The University of Florida is also accredited with the Association for Assessment and Accreditation of Laboratory Animal Care. All experimental procedures with the mice were approved by the Institutional Animal Care and Use Committee at the University of Florida (Gainesville, FL; Protocol # 201304539) and the Animal Welfare and Ethics Review Board at the University of Central Lancashire (Preston, UK; reference no: RE/12/04) before the study began.
Localization of P. gingivalis in brain tissue by fluorescence in situ hybridization Formalin-fixed, paraffin-embedded tissue blocks (temporal lobe inclusive of the hippocampus) were sectioned (5 µm thick). Fluorescence in situ hybridization (FISH) was performed using probes specific to bacterial ribosomal 16S rRNA gene sequences on rehydrated cortical (frontotemporal lobe) tissue sections from sham-infected and P. gingivalis-infected mice, as described previously [18] . Briefly, tissue sections were probed with 5 mg/mL of P. gingivalis 16S rRNA-specific oligonucleotide POGI [20] 5ʹ-CAA TAC TCG TAT CGC CCG TTA TTC-3ʹ labeled with Alexa Fluor 568 dye (Invitrogen, Carlsbad, CA) in hybridization solution. Following hybridization with the probe, slides were counterstained with DRAQ5 (Thermo Fisher Scientific, Asheville, NC) and mounted in Mowiol 4-88 (Sigma-Aldrich, St. Louis, MO). Data were acquired with a 63× objective on a Leica DMIRB microscope equipped with a Photometrics cascade-cooled EMCCD camera, controlled by the open-source software package μManager (http://www.micromanager.org). Images were processed using ImageJ (NCBI). Blocking buffer, hybridization buffer, and wash buffer all contained protectRNA (Sigma-Aldrich) to protect bacterial RNA from degradation [19] .
Detection of P. gingivalis gingipains in the brain
Snap-frozen unfixed infected mouse brain tissue sections from the hippocampus were cut, as previously described [16] . The sections were stabilized in cold acetone for 15 min and washed in phosphate-buffered saline (PBS) before being incubated for 30 min at room temperature in block buffer (PBS containing 0.01% Tween 20 and 0.01% normal goat serum) followed by overnight incubation in mouse anti-gingipains (clone 1A1, from Prof. MA Curtis, London, UK) diluted 1/200 in block buffer. The secondary detection was performed with biotin-labelled anti-mouse Ig antibody (Vectastain ABC kit PK-4002), as per the manufacturer's instructions. Sections were treated with DAB/hydrogen peroxide/nickel enhancement (Vectastain substrate kit SK-4100), again according to the manufacturer's instructions. Following a light nuclear counterstain, all sections were examined using the Nikon Eclipse E200 microscope. Images of representative tissue sites were recorded using the Nikon DS-L2 v.441 software.
Detection of age-related granules by neutral methods
PAS reaction
Rehydrated paraffin wax sections from the cortex, inclusive of the hippocampus, from sham-infected ApoE −/− and P. gingivalis-infected mice were treated in commercial PAS histochemical reagent (Sigma 395-2™), according to the manufacturer's instructions. The sections were dehydrated, cleared in xylene, and mounted under a glass coverslip in DPX mounting medium (Thermo Fisher Scientific).
Silver impregnation
Rehydrated semi-serial sections from the shaminfected and P. gingivalis-infected mice brains were impregnated with silver, according to a published method used on acrylic resin sections [21] . The resin-based method was adapted to rehydrated, fixed tissue sections.
Immunohistochemistry: pan detection of age-related granules Rehydrated, fixed brain tissue sections were pretreated in 10% aqueous sodium dodecyl sulfate (SDS) and stained, as described by Miklossy et al. [22] , with an overnight incubation at 4°C with the primary antibody to bacterial-specific peptidoglycan (Clone MAB995) diluted 1/200. The secondary detection/examination and imaging were performed as described above.
Demonstration of mouse immunoglobulin G in cerebral microvasculature
Anti-mouse immunoglobulin G (IgG) immunohistochemistry was performed using the published method of Fullerton et al. [23] with the peroxidase mouse-IgG ABC kit PK-4002 (Vector Labs, Peterborough, UK). Sections were developed in DAB/hydrogen peroxide/ nickel and subsequently examined and imaged as described above.
Statistical analysis
Data are presented as mean ± standard deviation (n ≥ 3 replicates per treatment). The non-parametric MannWhitney U-test was performed to compare each group of infected mice with the sham-infected mice. Differences were considered significant at p ≤ 0.05.
Results
Demonstration of bacteria in tissue sections from the frontotemporal lobe Demonstration of gingipains in the cerebral microvasculature Following immunohistochemistry with anti-gingipains, little staining was observed in all sections whereby the primary antibody was omitted ( Figure 2(a and b) ). The anatomical area known to be free of the BBB, namely the choroid plexus (acting as a positive control), from direct brain infection by P. gingivalis, demonstrated anti-gingipains staining (Figure 2(c) ). In addition, the anti-gingipains staining was also observed in major and microvessels of the hippocampus from infected mice (Figure 2(d-i) ).
Detection of age-related granules by neutral methods
Infected mice brain sections demonstrated agerelated, PAS-positive granules that were generally 
Demonstration of IgG in cerebral microvasculature
At 12 weeks of infection, both ApoE −/− mouse brains infected with P. gingivalis and sham-infected mice presented plasma IgG in the cerebellar cortical tissue vasculature (arteries, arterioles, veins, venules, and capillaries) and the choroid plexus ( Figure 5(a-c) ) but not in the capillaries of the cerebral parenchymal tissues. The controls in which the primary antibody was omitted consistently remained negative ( Figure 5(d-g) ).
At 24 weeks of infection, all P. gingivalis-infected brains (n = 12) demonstrated IgG within the expected areas (arteries, arterioles, veins, venules, choroid plexus) and especially in the capillaries of the cerebral and stratum radiatum CA3 regions of the hippocampus (Figure 6(a-f) , box). Overall, P. gingivalisinfected mice brains at 24 weeks had greater numbers of age-related granules and appeared with more widespread IgG in cerebral capillaries (p = 0.001), and in some mouse brains, the IgG also bound to pyramidal neurons ( Figure 6(c and d) ). Capillaries in the stratum radiatum CA3 regions of the hippocampus of some P. gingivalis-infected mice appeared more structurally damaged ( Figure 6 (e and f) from 6c boxed area) than those from similar regions of the brain in other infected mice ( Figure 6(g-i) , arrows).
At 24 weeks, the 10/12 sham-infected brains with insignificant numbers of inclusion clusters also demonstrated IgG within the expected areas (larger vessels, choroid plexus; Figure 6 (j-l), boxes) but not in the cerebral/hippocampal capillaries. The 2/12 sham-infected mice brains that demonstrated numerous age-related clusters also demonstrated IgG within cerebral/hippocampal capillaries (not shown).
Discussion
The current study was undertaken to investigate whether chronic periodontal bacterial infection could increase circulating inflammatory mediators and could enable bacteria or their structures/antigenic determinants to disseminate into the brain, thereby providing the necessary inflammatory catalyst to trigger the occurrence of PAS-positive, argyrophilic age-related granules. Previous observations in P. gingivalis-infected ApoE −/− mice revealed that chronic periodontal infection provided a higher burden of inflammatory mediators [18] and demonstrated that P. gingivalis was able to initiate microglial cell activation and promote the synthesis of innate immune inflammatory proteins of the complement cascade [16] . This has direct implications for the survival of neurons, as they lack adequate protection from regulatory proteins on their cell surface membranes [24] . Thus, the presence of a higher inflammatory burden as a result of systemic proliferation of bacteria [18] , genetic susceptibility toward recurrent infections [25, 26] , and direct entry of bacteria (P. gingivalis) into the brain as a result of chronic bacterial infection [16] would provide a catalyst capable of triggering cerebral injury. Veurink et al. [19] observed that feeding mice with antioxidants resulted in the occurrence of fewer numbers of age-related inclusions in their brains, suggesting an inverse association between inflammatory stress and inclusion appearance in ApoE −/− mouse brains. It was also reported that ApoE −/− mice have a leaky BBB starting at the age of 2 weeks [12] , which can be detected in the cerebellar cortex in an agedependent manner [11, 23] . Notably, the cerebral BBB appears to be more resilient to physical injury in a normal host and requires the impact of initial experimental injury to breach it [13] . In vivo observations from various studies [19, 23] , along with subsequent human data regarding defective hippocampal BBB [10] , also support the likelihood of multiple antigenic proteins (infection-related proteins, IgM, and other serum components) associated with age-related granules.
The results from this study are in agreement with a previous study [16] in which the same P. gingivalis (FDC 381) strain was identified as having accessed the cerebral parenchyma of the infected group of ApoE −/− mouse brains. The direct implication of P.
gingivalis invasion into the brain is the introduction of its proteinase enzymes known as gingipains, which are intrinsically associated with the outer surface membrane of the bacterium and break down connective tissues. These proteinases represent an alternative source of physical tissue injury to secondary inflammatory mediators, and demonstrate direct, progressive injury to cerebral microvasculature in which endothelial cells and their tight junction proteins become eroded. The neutral histology techniques confirmed PASpositive argyrophilic granules in the hippocampus of infected ApoE −/− mice, and their distribution resembled previous observations [1] [2] [3] 27, 28] . The immunohistochemistry results with the anti-peptidoglycan antibody indicated an enhanced occurrence of age-related granules in infected brains, together with diffuse areas of immunoreactivity when compared with sham-infected mice. The diffuse immunostaining can be equated to physical injury resulting from non-specific innate immune responses, such as oxidative stress and complement activation [16, 19] , and gingipains. The presence of host IgG antibodies within cerebral capillaries and their leakage into tissues of infected mice suggests that the BBB was severely impaired by 24-week infections. These observations further support the concept of the BBB becoming more permeable in the cerebral cortices following infection-mediated injury [13] and erosion of endothelial tight junctional proteins allowing IgG leakage. These data rationalize the observation of fewer age-related granules in the ApoE −/− mice following antioxidant treatment without infection [19] . Numerous studies have reported the ability of bacteria and their structures to access AD brains [17, [29] [30] [31] [32] . Once within the brain, they are likely to modulate the activation of the complement cascade [16] , eventually giving rise to the development of characteristic pathological hallmarks of AD in the appropriate host. Poor memory has also been reported to be associated with multiple infections [33] and high acute phase inflammatory mediators such as interleukin 1 alpha (IL-1α) and IL-1β in the elderly and human clinical AD patients [34] . Thus, the high inflammatory milieu in which IL-1α and P. gingivalis specific IgG antibodies (humoral response) detected in the serum following chronic periodontal disease [18] could potentially contribute to the development of cognitive deficiencies in these mice. However, the scope of this retrospective study was restricted to assessing the occurrence of age-related granules only.
Age-related granules containing cellular debris originate from cells that are highly vulnerable to damage by reactive oxidative processes and higher inflammatory/pyroptosis mediated programmed cell death [35, 36] . A likely explanation for the occurrence of these inclusions in the hippocampus over time in ApoE −/− mice could be their higher endogenous vascular inflammation [25, 26] , and oxidative stress, which results from an already impaired immuno-modulatory function of macrophages [15, 37, 38] . These processes likely lead to the 'aging process', which contributes to slow physical injury surpassing the threshold of protection. Thus, the net effect of the aging process is functional demise of BBB integrity, especially in the cerebral parenchyma, giving rise to increased numbers of age-related granules over time.
The fact that the infected mouse brains overall demonstrated more clusters of age-related granules in the hippocampus compared with the shaminfected mice at 24 weeks suggests that once pyroptotic cell death and physical injury to this anatomical area has occurred, the BBB becomes leaky. In another words, the formation and maturation of age-related granules becomes more accelerated following P. ginivalis infection of the brain than that during normal aging processes in ApoE −/− mice free of infection. The experiments were not conducted on animals maintained in pathogen-free conditions, and the likelihood of the ApoE −/− mice over the course of 24 weeks having harbored an irrelevant infection (both sham and infected mice) and indirectly contributed to peptidoglycan immunostaining is acknowledged but remains to be investigated. In this study, all 12 infected mouse brains demonstrated IgG in the cerebral capillaries, and only 2/12 mice did not show vast numbers of inclusions, which suggests differences in the threshold potential for handling inflammation in each mouse. Significantly, a human equivalent to murine agerelated granules, known as corpora amylacea, is known to occur in aged and demented human brains [39] . Corpora amylacea bear striking similarities with astrocytes [40] . Recent evidence also confirms that elderly and demented brains have a compromised physical BBB through the endothelial cells in capillaries [10, 41] , suggesting a common infection-related mechanism in the origin of these inclusions in both humans and ApoE −/− mice.
Microbleeds in the immuno-privileged areas of the brain are detrimental to normal functioning of the neurons because of the toxicity associated with some of the serum products (C-reactive protein) and metallic compounds. C-reactive protein has the ability to activate microglia and astrocytes, and entry of metallic compounds (Fe, Al) into the brain may aid in Aβ fibril formation. In addition, there remains a possibility that vascular amyloid proteins (Aβ, amyloidogenic proteins such as serum amyloid A from host and bacterial origins) may transfer to the brain and act as niduses for AD Aβ plaque deposition [42] . Additionally, the brain, in reaction to peripheral infections, may activate the proteases that cleave Aβ from its parent amyloid precursor protein on brain cell membranes and result in senile plaques [30] [31] [32] [33] [34] [36] [37] [38] [39] [40] [41] [42] [43] [44] .
This study also demonstrates a lag phase during the first 12 weeks of infection (acute injury phase) for inclusion formation, which supports observations from previous reports [1, 2] . A plausible explanation for this could be that the tight endothelial cell junctions in the cerebral parenchyma protect the brain from extrinsic insults, increasing the time it takes for local inflammatory events to inflict a physical tissue injury. Overall, it is likely that physical tissue injury, as well as an impaired cerebral BBB resulting from enhanced systemic and local inflammatory burden following infections, are likely to accelerate aging and contribute to the occurrence of age-related granules in ApoE −/− mice.
Conclusion
This is the first investigation that provides evidence of a periodontal bacterial infection resulting in injury of the hippocampus, thereby increasing BBB permeability to toxic vascular components. Although the exact optimal conditions that could result in breaching the BBB and its threshold are still under intense investigation, this study suggests that at least eight consecutive infections of P. gingivalis over 24 weeks are sufficient to cause significant cerebral tissue injury and BBB impairment in the ApoE −/− mouse model. The diffuse staining in the hippocampus is attributed to physical tissue injury resulting from bacterial lysates and the generally high inflammatory burden. Lack of functional/repair protein (ApoE) and inflammation mediated-physical tissue injury culminate in an impaired BBB. Together, these contribute to astrocytic processing of cellular debris containing serum protein components in the form of age-related granules. Finally, the age-related granule formation could represent a host defense mechanism to mask the immunogenic proteins entering the hippocampus from microbleeds.
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